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STABILITY OP A BODY STABILIZED BY FINS " 
AND SUSPENDED FROM AN AIRPLANE 
By V/. H. Phillips 



Sm-IMARY 



A theoretical investigation has been made of the 
oscillations performed by suspended bodies of the type 
commonly used for trailing airspeed heads and similar 
towed devices. The primary purpose of the investiga- 
tion was to design an instrument that will remain stable 
as it is drawn up to a support underneath an airplane 
without attention on the part of the pilot. Flight 
tests of a model airspeed head were made to supplement 
the theoretical study. Unstable oscillations of the 
body at short cable lengths were predicted by the theory 
but the rate of increase of amplitude of these oscilla- 
tions was very sm.all. In flight tests, more violent 
types of instability were believed to be caused by 
unsteady or nonuniform air flow in the region where the 
cable was lowered from the airplane. No practical 
method was found to provide large damping of the oscil- 
lations at short cable lengths, but the degree of 
stability present in a suitabljT- designed suspended 
body was shown to be satisfactory if the body was 
lov/ered into a uniform air stream. 



INTRODUCTION 



Suspended devices that consist of heavy streamline- 
bodies stabilized by fins have been used in the past 
for various purposes. A frequent application of this 
type of device is the suspended airspeed head used for 
the accurate measurement of airplane speed (reference 1) 
Certain difficulties have been encountered in the use of 
these instruments because of unstable oscillations of 
the cable and suspended body. One common type of 
instability has been a tendency of the instrument to 
swing violently back and forth and from side to side as 
it v/as drawn up close to the airplane. Because of this 
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tendancy, these instruments need considerable attention 
in handling and usually req-^iire the services of a person 
other than the pilot. Another type ol' instability has 
been an oscillation of the body and whipping action of 
the cable v/ben the body vvas being towed at the full 
length of the cable. This notion has occurred only 
when the instrumont was lov;ered from certain airplanes. 

The present investigation was undertaken in an 
effort to develop a tyx)e of trailing airspeed head that 
could be lowered from and drawn up to a support under- 
neath the airplane without close attention. This 
requirement necessitates that unstable oscillations of 
the instrument be avoided at any cable length, 

A study of both lateral and Icn^r.itudlnal oscilla- 
tions of the body and cable system vms made in refer- 
ence 2. This study was based on the assuinption that 
the damping of the motion due to air forces on the 
cable could be neglected. The present investigation 
shows that this asi^umption leads to erroneous conclusions 
v/ith regard to the boundaries of stability. 



SYIvffiOLS 



m 


mass of towed bor'y 


J 


lateral displacensnt 




coefficient of side force on vertical tail 




lateral displacement of cahle eleinent 




angle of yaw 


N 


yawing moment 




angle of sideslip 


V 


forward velocity 


I 


tail length 


Y 


lateral force 


C 


moment of inertia about vertical axis 


a 


slope of tail lift curve (necrative) /— ^) 
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S vertical-tail area 

p air density 

Z vertical distance between airplane and body 

z vertical distance 

g acceleration of gravity 

D effective drag^ also, operator, indicating differentia- 
tion with respect to time ^-^^ 

D' nondimensional operator (DT) 

drag of body 

total cable drag 
Cj> drag coefficient of body [ — 

Cj)^ equivalent drag coefficient of cable 

Jo 

Cj) effective drag coefficient ^C^^ + C^^j 

X horizontal distance between airplane and body 

c^^ drag coefficient of cable per unit vertical 

/cable drag\ 
height [ — 



F Proude number 



\i relative-density coefficient / -t— 

R ratio of tail length to vertical distance below 

airplane (l/z) 

C-, moment-of-lnertia factor (k/i)^ 
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k radius of gyration 

t time 
T time unit 



1 




a,Tj,c,rl,e coef i'icl3nts of quartic 

c a b 1 e d i arne t e r 
0 angle of cable ¥/itn horizontal 

K fraction of cable side force applied to body 

side fo"^^ce on body 

side force on cable 

P period of osc.ilD.ation 

number of cycles to damp to one-half 
amplitude 

- 2: 

'(3 m 0(3 

■ - 2. ^ 

y " ni 5y 



Y. = 1 

y m Oy 

1 dY 

1 cM 
" e "dp 

A dot over a symbol indicates the first dei-ivative 
of the quantity with respect to time t and two dots 
over a symbol indicates the second derivative. 



T fT3 OIV:^ T TC AL I NV "^il 3 T IG A TI ON 



Because of the axial symmetry of a trailing airspeed 
head, its longitudinal and lateral motions occur 
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independently. These types of motion may, therefore, 
be treated separately. The lateral motion of the 
instri;ment will be analyzed in considerable detail 
because this mode of motion is theoretically most 
likely to become iinstable. 

Lateral Oscillations 

Mathematical treatment is possible only for the 
case of small oscillations, for Vvhich the forces acting 
on the body vary linearly v;ith the displacements and 
angular velocities. The instriiment will swing from 
side to side like a penduliim but, for small amplitudes, 
its motion may be considered to take place in a hori- 
zontal plane. A restoring force depending on the 
cable length under consideration will be assumed to act 
through the pivot point. 

The subsequent analysis indicates that the drag 
force on the cable and body has an important influence 
on the damping of the oscillations. In practice, 
almost all the drag acts on the cable. For purposes 
of analysis, however, an effective drag force due to 
the cable v/ill be assumed to act on the body at its 
center of gravity. The relation between this effective 
drag force and the characteristics of the cable v;ill 
be discussed later. 

The notation used in considering the lateral motion 
is shown in figure 1. The equations of motion with 
respect to a fixed system of axes are as follows: 



Z 
V 



d 

In order to simplify the notation, let D = 
and define the stability derivatives 

1 6n 
- C 6P 
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and define the other derivatlve-s similarly. These 
equations may he solved hy the usual procedure of 
setting the determinant of the coefficients equal to 
zero. This determinant may he expanded to give the 
quartic 



aD"^ + hD"^ + cD*-^ + aD + e 



0 



(1) 



m'ha re 



= 1 



d = 



-NpYy + YyN^ 



—fc: y; 



-YyNp 



In order to find the nature of the motion from 
equation (1), it is necessary to evaluate the stability 
derivatives in term.s of the dimans; 
characteristics of the. instrument, 
simplified form for the stability equation^ it is 
sufficiently accurate to assume that aerodynamic forces 
other than draf!; forces v;lll act only on the vertical 



Ions and aerodynamic 
In setting up a 



fin 
for 



of 



the instrument, 
is given as an 



The derivat: 
example i 



.on of the expression 



Y - P Af 



whe re 



dp 



dC. 
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The other aerodynamic derivatives may be determined in 
a similar manner. Only the derivatives related to the 
forces exerted by the cable require special consideration, 
The Y-force caused by a lateral displacement of the body 
is found by assuming that the body and cable system, 
when vievi/ed from the front, deflects as a simple 
pendulum (fig. 2). The restoring force due to a small 
deflection y of the body suspended a vertical dis- 
tance Z below the airplane is 

Y = 

Z 

6Y ^ m£ 

Y = - 
y m "Sy 

z 

The derivative Yy is found from the drag force 
acting on the body and cable. A drag force acting on 
the body v/ill have a component of side force as shown 
in figure 3. Thus 

Y = Db((l + ^) 
V 



= c 



Db 2 



V 



The component of side force dxie to the body is 

y. =1^^ 
J m "5^ 

fvs 

Inasmuch as the drag of the cable ordinarily far 
exceeds the drag of the body, the value of the deriva- 
tive will be principally determined by the cable 
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drap-;. The method of calculating an equivalent drag 
coefficient CDc to take into account the effect of the 
cable is given in the appendix. The derivative Y-^ 
is then .^iven as follows: 

The value of the coefficient Co may be determined as 

a function of the ratio of horizontal length to height 
of the cable x/Z from figure 4. 

All the aerodynamic derivatives have been evaluated 
in terms of the dimensions of the body and cable system. 
In order to reduce the niimber of variables, it is con- 
venient to express these derivatives in terms of non- 
dimensional ratios of the quantities involved, which are 
given as f oil ows : 

Fr oude numbe r , v2 



Relative -density coefficient, 

ri'JL 



Ratio of tail length to vertical distance of body below 
point of support, 

I 

R = 77 



Moment -of -inertia factor. 



Q 



Time is expressed in terms of tho time unit T = ■ ^'^ . 

When the derivatives are expressed in terms of these 
variables, the stability quartic becames 

aD'"' + hD'"'' + cD'^ + dD' + e = 0 (.3) 
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where 



= DT 



and 



a 



= 1 




a + 



d = • 





D 



a[i^Pv 



The stability of the towed airspeed head may be 
determined by snbstitutlns numerical values in the 
formulas for' the coefficients and factoring the quartic. 
The tv/o quadratic factors determine the period and 
damping of tvio modes of oscillation. One quadratic 
factor Vi-^^-S values of thj ceriod and damping very 
close to those obtained with a simple pendulum having 
a length equal to the vertical distance of the towed 
body belov/ the airplane and damping equal to that 
supplied by the drag force. The other quadratic 
factor gives an oscillation that has values of period 
and damping very close to those of the body rotating 
as a weather vane about a vertical axis through its 
center of gravity. The weather-vane oscillation 
generally has a short period and is always rapidly 
dam.ped. The damping of the pendulum oscillation is, 
however, very slow at short cable lengths, because 
the cable drag is small. 

The coupling between the two modes of oscillation 
introduces the possibility of instability of the pendulum 
oscillation. In order to find the conditions for 
instability, the coefficients of the quartic may be 
substituted in Routh's discriminant, which states that 
the m.otion will be stable if the coefficients satisfy 
the relation 



(be - ad)d 



.-•b^.e >0 



(4) 
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Vsihen tins values of the coefficients (equation (3)) 
ars substituted in forrr.ula (4), Routh's discriminant 
■becomes 

aCp ixR H-RCj)^ ^ aii,^R 
Ci Ci Ci 

[I Uyyi + a^ 1,1 g— - ^ 

12- + > 0 

■^1 ^1 

The expression Is given in this forir. merely for the sake 
of completeness. In practice, a great simplification 
may he made, with nepjigihle loss of accuracy, by neg- 

aCjD 

mula (3). The sim.plified form of the discriminant is 



ting the small term ^ in coefficient c, for- 



^^D a J- /li a 




The minus sign before the expression Cj^ - a - gives 



one condition for stability 



and the plus sign before the same expressioii gives 
another condition for stability 

P Cl(0^) 

Boundaries of stabilit^r are plotted in figure 5. It is 
seen that belov/ a certain small value of the param.- 
eter F/B[i, given by formiula (5), the motion is stable 
for all values of the drag coefficient. As f/r^x is 
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increased above this value, the motion is unstable until 
the boundary of stability /riven by formula (6) is reached. 
The motion then becomes stable again at all higher values 
of f/R[i. 

Examples have been worked out from the general 
boundaries of stability (fig. 5) to show the variation 
of stability of an actual airspeed head as the cable 
length is changed. The characteristics of the airspeed 
head and cable used in the calculations are as follows: 



m, slug • 0.466 

I, foot 0.45 

S, square foot 0i25 

k, foot 0.416 

Aspect ratio 2.25 

a, per radian • -2.10 

Ci 0.855 

w^, inch 0,375 

Cable weight, pound per foot 0^05 

p, slug per cubic foot 0.00238 



The cable length is plotted against the effective 
drag coefficient Cjj = C]^ + C-q^ in figure 6. The 

method for determining this curve is given in the appendix^ 
The boundaries of stability for this particular case are 
plotted in the same figure in order that the region of 
instability may be found. As the body is lowered from 
the airplane, it will be stable for a very short distance 
and will then become unstable until the upper boundary 
of stability is reached. The upper boundary of stability 
occurs when the body is 2,8 feet" below the point of support 
at an airspeed of 200 feet per second, or 6.3 feet below 
at 100 feet per second. For all greater cable lengths, 
the body will be stable. When the body is drawn up to 
the airplane, it will again pass through the unstable 
region. 

The period and degree of damping of the oscillation 
at various cable lengths for the airspeed head having the 
characteristics previously given have been calculated 
by substituting num.erical values in formula (3) and are 
given in the following table for an airspeed of 100 feet 
per second: 
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Distance below 
airplane, 
Z 



Penduliyii 
oscillation 



Vifeather-vane 
oscillation 



(ft) 



( sec ) 



P 

( sec ) 



5.8 
4.1 





2.22 
2.86 
3 . 51 
4.95 



25.4 to douole amplitude 
(neutrally stable) 



20.0 to one - half amp 1 1 1 ude 
4 . 9 5 to one - half amp 1 i ti ide 



1.08 
1.07 
1.06 
1.07 



4.28 
4.34 



Prom these calculations it is seen that the damping or rate 
of divergence of the pendulum oscillation is very small 
for cable lengths some distance on either side of the 
stability bo-^.ondary. For the lonpost cable length, how- 
ever, the oscillation damps to one-half amplitude fairly 
rapidly. 

The boundaries of stability determined theoretically 
are in good qualitative agreem.ent v/ith the observed 
behavior of the NACA trailing airspeed head. Actually, 
there is no sharply defined boundary of stability because 
the oscillation is only slightly dam.ped after the body 
has been lowered som.e distance into the stable region. 
As will be explained later, distu.rbing influences not 
taken into account in the theory may cai-'.se an unstable 
oscillation of the body when it would theoretically 
have a sli^Vitly dam.ped oscillation. 

The boundaries of stability shown in figure 5 indicate 
that, when the drag coefficient is zero, the body will be 
unstable at all values of cable length greater than that 
corresponding to the lower stability boundary. For very 
small values of the drag coefficient, such as would be 
obtained by neglecting the cable drag, the theory 
indicates that the body will be unstable over a large 
range of values of the cable length. The results of 
reference 2^ in which the damping effect of air forces 
on the cable is neglected, are therefore believed to be 
in error*, 



Investigation of Modifications to Improve Stability 

In order to investigate the changes that m.lght be 
made to improve the stability of a conventional typ^ of 
airspeed head, it is convenient to express the condition 
for stability (formula (6)) in the following form, where 
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the nondlmensional expressions have been removed by- 
substituting the dimensional quantities that they 
replace : 

Z 2 



where k is the radius of gyration about an axis 
through the pivot p©int and D is the effective drag 
obtained by multiplying Cj^^ ^ Cjy^ by Iv^S. 

The curves of figure 5 show that the region of 
instability for a conventional type of tov/ed body can 
never be entirely eliminated. The following changes 
would tend to restrict the unstable region to a region 
closer to the airplane ; 

(a) Decrease in weight mg 

(b) Increase in drag 

(c) Increase in area and aspect ratio of fin 

(d) Decrease in ratio of radius of gyration to 

tail length k/l 

The first two changes are impractical because they 
interfere with the usefulness of the instrument as an 
airspeed measuring device t The second two changes, 
however, provide practical methods of improvement » For 
example, the greatest distance below the airplane at 
which unstable oscillations occur in the example 
previously given could be decreased from 6.Z feet to 
4.2 feet by doubling the tail length v/ithout increasing 
the radius of gyration. This change could be accomplished 
by mounting a light set of fins on a boom behind the 
instrument, Formula (7) indicates that increasing the 
speed will restrict the unstable region to shorter cable 
lengths. Once the oscillation becomes unstable, however, 
it will probably increase in amplitude faster at higher 
airspeeds. It may be advantageous, therefore, to raise 
and lower the body at low flying speeds. 

The n^i^ of special devices improve the stability 
will now be considered. It has b^en" found by the writer 
that the two modes of oscillation given by a quartic 
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will damp to one -half ampllt-uda in the same time if the 
coefficients satisfy the relation 

l£ ^P.l + a = o 

8 2 

Such a condition vv^ill give the optimiuii use of damping 
in the system. Through examination of the coefficients 
of the quartic, foriiula (1), it is found that this 
relation may be satisfied hy greatly Increasing the 
damping in yaw or hy reducing the directional 

stability \in almost to zero. Physically, a condition 
is thus reacned at which the body remains approximately 
paralD.el to the average direction of fli.^iht as it swings 
from side to side instead of turning into the relative 
v;indo Forces are thereby/" broup.iit into play to damp 
out the pendulum oscillation. 

The foregoing method of obtciining stability mxay 
also be explained in terms of the stability boundaries 
plotted in figure 5. In the small stable region below 
the lov^er ooundar^^ of stability, the pendulum oscil- 
lation is dajrped out by the mechanism just described. 
By reducing the directional stability and increasing 
the damping in yaw, the lower boundar»y of stability is 
raised to higher values of f/k^^. It is theoretically 
possible, by using special devices that arbitrarily 
increase the damping in yav/ or reduce the directional 
stability, to raise this stability boundary so that 
the unstable region is eliminated. It v/ill be noted 
that this Liethod of imiprovlng stability is different 
in principle from the one described following for- 
m_ula (7). The method based on formula (7) consisted 
in ejvtending the stable region by lov/ei'ing the upper 
boundary of stabilit;^. The method nov/ being considered 
consists in raising the lower stability boundary. 

It has been found impossible, in practice, to 
reduce thj directional stability of a conventional 
towed body to the extremialy sm^al]. value required. 
The body of the instriim.ent is generally unstable and 
somie fin area is required to give neutral directional 
stability. Any sm.all change in the characteristics 
of the body due to Reynolds number or due to small 
changes in shape would be sufficient to make it either 
directionally unstable or too stable to obtain dam.ping 
by virtue of its low directional stabilityc The 
alternative, greatly increasing the damping in 77"av;, 



NACA aRR No. L4D18 



15 



might be accomplished by operating the rudder of the 
instrument by means of a gyroscopic element to cause 
the rudde- to deflect an amount proportional to the 
yawing velocity. The complication introduced by such 
a mechanism would probably make the method impracticable. 

Another method of increasing the damping in yaw 
and at the same time reducing the directional stability 
is to use two fins, one at the front and one at the rear 
of the body. Calculations show that the directional 
stability must be reduced to a very small value (approxi- 
mately 4 percent of the stability contributed by the 
rear fin) in order to avoid the unstable oscillations, 
A moderate decrease in directional stability, even when 
combined with a dampinf^: in yav/ of 20 times that for a 
conventional body, will not avoid the unstable oscilla- 
tions. If the required small directional stability 
could be obtained, any slight misalinement of the front 
and rear fins would cause the body to trim at a high 
lift coefficient. This condition would cause the body 
to fly out to one side and v/ould also make it undesirable 
as an airspeed measuring device. 



Longitudinal Oscillations 

The longitudinal motion of a towed body has been 
treated theoretically in reference 2. This analysis 
neglected the damping of the motion contributed by air 
forces on the cable. The boundaries of stability 
calculated in reference 2 are therefore believed to be 
unconservative . 

In practice, the fore-and-aft pendulum motion of 
the body has never been observed to become unstable at 
long cable lengths. It is noted that the effect of 
the cable could be taken into account as an equivalent 
drag coefficient, as it v/as for the lateral oscillations. 
If a value of drag coefficient of the correct order of 
magnitude is substituted in the relations presented in 
reference 2, the pendulum oscillations may be shown to 
be well damped at long cable lengths. 

At short cable lengths and moderate speeds, the 
body hangs approximately vertically below the point 
of support; therefore, very little coupling exists 
between f ore -c.nd-af t movement of the body and pitching 
motion. The oscillation is slmiply a pendulum motion 
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with damping supplied 'oy the cable dra^. Inasmuch as 
this cable draf, is small at short cable len.f7;ths, the 
oscillation, though theoretically stable, is slowly 
damped and may become unstable if disturbing influences 
are present. 

The analysis of reference 2 shovi^s that other modes 
of lonritudinal oscillation involving bowing of the cable 
and pitching of the body are theorbo tically possible, but 
su.ch oscillations have never been observed in practice. 
It is believed that the drag on the cable orevents these 
oscillations from becoming iinstable, 

3:v?r;RIMl]NTAL INVSS'^IGATION 

Fli^^ht tests were made of an approximately ^-scale 

mode 1 about : dynamical 3 y • slmila-r to the ':U\£k tral lingt 
airspeed head suspended from a St?.nson SR-bii airplane. 
A drawing of the model is shoim in figure 7. In order 
to simulate pulling the head up to a support under the 
airplane, the cord was run tiirough an eyelet on the cabin 
steps . 

The instrument v^/as stable when towed on the end of 
a 75-foot cable at speeds between SO and 150 males per 
hour. Lateral and f ore-and--af t oscillations damped out 
in a small number of cycles. It should be noted that 
the corresponding cable lengths on a full-scale towed 
airspeed head, twice the size of the one tested, v/ould 
be tv;lce as great. TI:e corresponding speeds would be 
\/2 tim.es as rreat in order to maintain the s a me v a lU3 
of the Froude numbbr P = 

'7hen the m.odel was drawn up to about 3 feet from 
the airplane, it was sufficiently stable at 80 miles per 
hour. Unstable oscillations did not start while the 
body was left in this -Qosition for about a m.inute . This 
behavior does not necessarily indicate that the oscilla- 
tions would have damned out once they had started. The 
theory shows that a large number of oscillations is 
required to double amplitude; the body micht, therefore, 
have to be tov/ed for a considerable length of time 
before oscillations v\/ould becom:.e noticeable. Unfortunately, 
no mreans were available to start an oscillation • 

As the speed was increased, the motion became less 
stable, ujitil at 95 miles per hour increasing oscillations 
occurred. As predicted by the theory, both the 
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fore-and-aft and lateral oscillations had periods close 
to the period of a simple pendulura. The lateral and 
fore-and-aft oscillations inevitably combined to cause 
the instrument to travel in an elliptical orbit. The 
direction of rotation was such that the instriment 
swung back as it came closest to the fuselage. Proba- 
bly the increased velocity near the fuselage fed energy 
into the m.otion with each oscillation and caused a 
greater rate of increase in the amplitude than would 
have been predicted by the theory. 

Several modifications of the model were tried in an 
effort to improve the stability. Two m.odif ications 
appeared to improve the stability of the pendulum oscil- 
lation at short cable lengths. One of these changes 
consisted in shifting the pivot point rearward l/2 ^inch, 
and the other consisted in equipping the model with a 
hinged rudder with weight behind the hinge line and 
viscous damping. These changes prevented the oscilla- 
tion from appearing spontaneously as the speed was 
gradually increased from 80 to 140 miles per hour. A 
theoretical study indicates that these changes should 
have only secondary effects on stability. These tests 
are not considered to be a conclusive demonstration of 
the ^ stability of the body because it is not known whether 
oscillations would have damped out once they were started. 

Various other modifications that were tried resulted 
in unstable short-period oscillations of the body. These 
tests were made at a speed of 80 miles per hour. A 
forward shift of the pivot point caused a pitching oscil- 
lation. This motion was believed to be the result of 
elasticity of the cable and mass unbalance of the body 
and was similar in nature to flutter. A freely hinged 
rudder with weight behind the hinge line caused a short- 
period yawing oscillation. The use of an asymetrical 
vertical fin, extending only below the body, caused a 
short-period rocking motion of the body. 

Another type of instability has been encoiontered on 
a few occasions when the full-size NACa airspeed head 
was lowered at the full length of the cable (approxi- 
mately 200 ft). In one case in which this motion v;as 
observed, the airspeed head was lowered from the door 
of a twin-engine low-wing cabin monoplane. The head 
was steady at speeds below 150 miles per hour, but at 
this speed oscillations of about 3-foot wave length In 
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the cable crlfrlnate(?, at the airplane and traveled down 
to the body. As the SDeed was increased to 165 miles 
par hour, the oscillations became very violent and 
caused a pitching notion of the oody. The whipping 
action at the lower end of the cable eventually caused 
it to break. A metal sphere was l.ater towed from the 
same airplane and the oscillations occurred as before* 
The oscillation was therefore not related to the aero- 
dynamic characteristics of the body. It was believed 
to be caused by the action of unsteady air flow from 
the wing-fuselage juncture on the tow cable. The same 
airspeed head has been used without difficulty at much 
hi^^her speeds on other airplanes. 

Several relatively li;?:,ht, la:^ge-size tov/ed bodies 
have been tested in flight. The pendulum oscillation 
of these bodies has never been known to become unstable, 
even when the body was raised or lowered from the air- 
plane qu.ite slowly. This behavior is in agreem.ent 
with the theoretical prediction. These bodies have a 
small value of u compared with that of the towed 
a■^^rspeed head: the unstable ^^sglon at normal flying 
speeds is therefore very small. 



DISCUSSION OF RESULTS 



The theoretical and exper im.ental investigations 
have shown that the pendvilum m.otion of a towed body miay 
becom.e unstable when the body is drawn up close to the 
airplane. The theory shows that the instability is 
not serious because the amplitude of the oscillations 
increases very slowly. The maxim-um cable length at 
which unstable oscillations can occur ma^r be reduced 
by reduction ol' the ratio of radius of gyration to tail 
length of the body and by increase of the fin area and 
aspect ratio. 

More violent instability of the pendulum oscilla- 
tion than would be predicted by the theory, as well as 
other types of instability, may be introduced by 
unsteadiness or lack of uniformity of the air flow 
in the region where the body is lov-^ered from the air- 
plane. Inasmuch as no practical method has been found 
to provide large dariiping of the pendulum oscillations 
when the body is close to the airplane, it is desirable 
to lower the' body from a point where it is not subje^cted 



NACA ARR No. L4D18 



19 



to these disturbing influences. A suitable location 
would probably be on the plana of symmetry of a twin- 
engine airplane, or on the wing of a s ingle -engine 
airplane at a point outside the slipstream. It also 
appears desirable to lower and raise the body at low 
flying speed, because the unstable oscillations then 
increase in amplitude very slov/ly. If these precautions 
are taken, it should be possible to lower a towed body 
without attention on the part of the pilot • The only 
possibility for unstable oscillations to develop would 
be if the body were left for long periods suspended 
only a few feet below the airplane* Oscillations of 
the system at large cable lengths are rapidly damped 
because of the cable drag. 



CONCLUSIONS 



1. A theoretical study of the m.otion of a suspended 
body stabilized by fins shov/ed that it had two modes of 
lateral oscillation with the follov/ing characteristics: 

(a) Weather-vane oscillation 

The weather-vane mode of oscillation was 
rapidly damped and had a period about equal to that 
of the instrument oscillating as a weather vane about 
a vertical axis through its center of gravity. 

(b) Pendulum oscillation 

The period of the pendulum mode of 
oscillation v/as about the same as that of a simple 
pendulum of length equal to the vertical distance 
of the body below the airplane. The oscillation 
was damped by the cable drag at large cable lengths 
but was unstable at short cable lengths. The rate 
of increase of amplitude in the unstable region was 
very small. It was found that the ions table region 
could be restricted to short cable lengths at normal 
airplane speeds by keeping the radius of gyration 
of the body small and increasing the fin a.rea, 
aspect ratio, and tail length. 

2. In flight tests, m.ore violent instability of 
the pendulum motion was encountered than would have 
been expected from the theory and other types of 
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instability occasionally occurred. These conditions 
were attributed to the action of unsteady air flow on 
the cable. It is believed that unsatisfactory behavior 
of a towed suspended body can be avoided by lowering and 
raising the bod^f at low flying speeds from a point on 
the airplane v^^here the air flow is uniform c 
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APPENDIX 

DETERMINATION OP EqUIVALEWT DRAG COEFFICIENT OF THE CABLE 
The drag of each cable element of height dz is 
dDg = cd -^v'^dz 

v/here is the drag coefficient of the cable per unit 

vertical height. The variation of this drag coefficient 
v/lth inclination of the cable has been obtained from the 
data of reference 3 and is presented in figure 8. If 
the assumption is made that the cable remains straight 
v/hen viewed from the front, each cable element has a 
lateral velocity proportional to its distance below the 
airnlane^ The side force acting on each cable element 
is 

dY, - dD^ f 
The total side force is 



"^c ~ ^^c / ~ 



— w / 



2 ^ 



This side force has been determined by graphical 
integration for cables v;ith various values of x/z, the 
ratio of horizontal length to height. The cable form 
was assumed to be that of one-quarter of a sine wave, 
as shown in figure 9(a). Although the shape of the 
actual cable may deviate somewhat from, a sine curve, 
the error in the calculated side force v;ill be small. 

The location of the resultant side force m.ay also 
be determined graphically as the center of gravity of 
the area representing the side-force distribution. If 
the inertia of the cable is neglected, the lateral force 
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will be balanced by reactions on the bocly and on the 
point of support; the magnitude of the reactions will 
depend on the position of the resultant side force on 
the cable. As shown by figure 9, most of the side 
force on the cable is transmitted to the body. Let 
the fraction of the total side force that is applied 
to the body be K. The side force applied to the 
body is then 




By comparison with formula (2), the quantity in brackets 
may be^ substituted as an equivalent drag coefficient in 
the formula for Y.v. The relations may be smimarized 
as follovvss 



where 



C 



c 



m_ 



~^Jc '^c z ^Uy 



The value of Ct)^ may be determined from figure 4 for 
cables of various values of the ratio x/z. 

In order to determine the variation of C-q^ with 

cable length as the body is dravm up to the airplane, it 
is necessary to know how the ratio x/z changes with 
cable lengtho Tyioical examples have been worked out 
for two airspeeds for the airspeed head and cable 
previously described. The shape of the cable was 
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determined from consideration of the forces acting on 
the cable elements, obtained from reference 3. The 
cable shape for each speed is shown in figure 10. Any 
point on the cable may be considered as a point of 
suspension. The variation of the ratio x/Z as the 
cable is drawn In or let out may therefore be determined 
graphically from this figure. 
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Plgur« 1.- Top rlBW of trailing *lr«p««d h*ad ahoving •ywbola 
for th« theory of lateral oactllatlona , 
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Figure 5«- Top view of trailing airspeed head showing component 

of side force due to drag. 
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PlgTire 5.- Boundaries of stability for a towed body. 
Value of a is -2.10 per radian. 
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(a) Airspeed, 100 feet per second. 




(b) Airspeed, 200 feet per second. 



Figure 6.- Determination of vertical distances between airplane 
and body that give Instability for airspeed head and cable 
used In calculations. 



Figure Model trailing airspeed head 
used In stability tests* 
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Figure 8.- Variation of cable drag coefficient per unit vertical 
height with inclination. (Data taken from reference J.) 




Figure Graphical method for determining effective drag coefficient of cable, 
Area under curve (c) equals / c , ^ Effective drag coefficient is 



determined from formula 
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(b) Airspeed, 200 feet per second. 

Figure 10.- Cable shape for two values of airspeed, for a body and 
cable that have the characteristics used in the calculations. 



